Mutations in the progranulin gene (GRN) are a major cause of frontotemporal lobar degeneration with ubiquitin-positive, tau-negative inclusions (FTLD-U) but the distinguishing clinical and anatomical features of this subgroup remain unclear. In a large UK cohort we found five different frameshift and premature termination mutations likely to be causative of FTLD in 25 affected family members. A previously described 4 -bp insertion mutation in GRN exon 2 comprised the majority of cases in our cohort (20/25), with four novel mutations being identified in the other five affected members. Additional novel missense changes were discovered, of uncertain pathogenicity, but deletion of the entire gene was not detected. The patient collection was investigated by a single tertiary referral centre and is enriched for familial early onset FTLD with a high proportion of patients undergoing neuropsychological testing, MRI and eventual neuropathological diagnosis. Age at onset was variable, but four mutation carriers presented in their 40s and when analysed as a group, the mean age at onset of disease in GRN mutation carriers was later than tau gene (MAPT) mutation carriers and duration of disease was shorter when compared with both MAPTand FTLD-U without mutation.The most common clinical presentation seen in GRN mutation carriers was behavioural variant FTLD with apathy as the dominant feature. However, many patients had language output impairment that was either a progressive non-fluent aphasia or decreased speech output consistent with a dynamic aphasia. Neurological and neuropsychological examination also suggests that parietal lobe dysfunction is a characteristic feature of GRN mutation and differentiates this group from other patients with FTLD. MR imaging showed evidence of strikingly asymmetrical atrophy with the frontal, temporal and parietal lobes all affected. Both right-and left-sided predominant atrophy was seen even within the same family. As a group, the GRN carriers showed more asymmetry than in other FTLD groups. All pathologically investigated cases showed extensive type 3 TDP-43 -positive pathology, including frequent neuronal cytoplasmic inclusions, dystrophic neurites in both grey and white matter and also neuronal intranuclear inclusions. Finally, we confirmed a modifying effect of APOE-E4 genotype on clinical phenotype with a later onset in the GRN carriers suggesting that this gene has distinct phenotypic effects in different neurodegenerative diseases. 
Mutations in the progranulin gene (GRN) are a major cause of frontotemporal lobar degeneration with ubiquitin-positive, tau-negative inclusions (FTLD-U) but the distinguishing clinical and anatomical features of this subgroup remain unclear. In a large UK cohort we found five different frameshift and premature termination mutations likely to be causative of FTLD in 25 affected family members. A previously described 4 -bp insertion mutation in GRN exon 2 comprised the majority of cases in our cohort (20/25), with four novel mutations being identified in the other five affected members. Additional novel missense changes were discovered, of uncertain pathogenicity, but deletion of the entire gene was not detected. The patient collection was investigated by a single tertiary referral centre and is enriched for familial early onset FTLD with a high proportion of patients undergoing neuropsychological testing, MRI and eventual neuropathological diagnosis. Age at onset was variable, but four mutation carriers presented in their 40s and when analysed as a group, the mean age at onset of disease in GRN mutation carriers was later than tau gene (MAPT) mutation carriers and duration of disease was shorter when compared with both MAPTand FTLD-U without mutation.The most common clinical presentation seen in GRN mutation carriers was behavioural variant FTLD with apathy as the dominant feature. However, many patients had language output impairment that was either a progressive non-fluent aphasia or decreased speech output consistent with a dynamic aphasia. Neurological and neuropsychological examination also suggests that parietal lobe dysfunction is a characteristic feature of GRN mutation and differentiates this group from other patients with FTLD. MR imaging showed evidence of strikingly asymmetrical atrophy with the frontal, temporal and parietal lobes all affected. Both right-and left-sided predominant atrophy was seen even within the same family. As a group, the GRN carriers showed more asymmetry than in other FTLD groups. All pathologically investigated cases showed extensive type 3 TDP-43 -positive pathology, including frequent neuronal cytoplasmic inclusions, dystrophic neurites in both grey and white matter and also neuronal intranuclear inclusions. Finally, we confirmed a modifying effect of APOE-E4 genotype on clinical phenotype with a later onset in the GRN carriers suggesting that this gene has distinct phenotypic effects in different neurodegenerative diseases.
Introduction
Frontotemporal lobar degeneration (FTLD) comprises a clinically heterogeneous group of disorders that primarily affect either personality or language. Together, these conditions account for a large proportion of early-onset dementia. Three clinical syndromes are described by consensus criteria (Neary et al., 1998) : frontotemporal dementia (FTD or behavioural variant FTLD, bvFTLD), semantic dementia (SD) and progressive non-fluent aphasia (PNFA). bvFTLD is the most common clinical presentation with early behavioural and personality changes. SD is characterized by loss of semantic knowledge and a progressive fluent aphasia whereas PNFA presents with difficulties in speech production. A number of related neurodegenerative diseases with a prominent motor component overlap with FTLD, namely the corticobasal syndrome (CBS), progressive supranuclear palsy (PSP) and motoneuron disease (MND) (Kertesz et al., 1999; Lomen-Hoerth et al., 2002) .
The neuropathological substrate of FTLD is the degeneration of the frontal and temporal lobes (Brun et al., 1994) . There are two major immunocytochemical subdivisions of FTLD: tauopathies with an accumulation of intraneuronal hyperphosphorylated tau, and FTLD-U with intraneuronal inclusions immunoreactive to ubiquitin . Recently the majority of conditions associated with FTLD-U have been linked by the identification of TDP-43 as the major ubiquitinated protein component of the inclusions (Neumann et al., 2006) and four TDP-43 subtypes are now described . The clinical categories of FTLD may predict neuropathology to some extent: CBS and PSP are normally tauopathies, whereas SD and FTD associated with MND (FTD-MND) typically have TDP-43 neuropathology (Hodges et al., 2004; Snowden et al., 2007) .
The last decade has seen major developments in the understanding of the well-known genetic predisposition to FTLD in 25-50% of cases (Stevens et al., 1998; Bird et al., 2003) . Mutations were first discovered in the microtubuleassociated protein tau gene (MAPT), which account for 5-10% of FTLD (Hutton et al., 1998 , Poorkaj et al., 1998 Spillantini et al., 1998) . Mutations in the CHMP2B (Skibinski et al., 2005) and VCP genes (Watts et al., 2004) were later discovered to be rare causes of FTLD. More recently, mutations have been described in the progranulin gene on chromosome 17 (GRN), finally explaining the conundrum of genetic linkage of families with FTLD-U to a region including MAPT Cruts et al., 2006) . GRN has 12 coding exons, translating to a 593 amino acid secreted glycoprotein of 69 kDa containing tandem repeats of a granulin motif. Cleavage of these repeats produces 6 kDa active granulin peptides that are widely distributed. Granulin peptides have roles in normal development, wound healing and tumourigenesis amongst other effects (Eriksen and Mackenzie, 2007) .
A number of previously described FTLD families linked to chromosome 17 have now been shown to have GRN mutations Rosso et al., 2001; Rademakers et al., 2002; Baker et al., 2006; Cruts et al., 2006; Mackenzie et al., 2006; Mukherjee et al., 2006; van der Zee et al., 2006; Behrens et al., 2007; Bronner et al., 2007) and various groups have described GRN mutation series or case reports Masellis et al., 2006; Davion et al., 2007; Kelley et al., 2007; Le Ber et al., 2007; Leverenz et al., 2007; Mesulam et al., 2007) . In the large referral series, 5-10% of patients had GRN mutation (13-25% in cases with a family history) although this proportion decreased in an unbiased FTLD population. Over 40 different pathogenic mutations have now been described (www.molgen.ua.ac.be/FTDmutations) with all definitely pathogenic mutations having a null effect: either by frameshift, premature termination or disruption of a splice site. The pathological features of GRN mutation cases have been studied in detail with all showing ubiquitin-positive, TDP-43-positive neuronal intracytoplasmic inclusions (NCI), neurites and neuronal intranuclear inclusions (NII), i.e. type 3 TDP-43 pathology according to recently revised consensus criteria . Some groups have reported co-existent tau, amyloid or alpha-synuclein pathology in a few cases (Behrens et al., 2007; Leverenz et al., 2007) . Age at onset appears to be variable with the youngest GRN mutation case thus far reported being 35 (Leverenz et al., 2007) and the oldest case being 83 years old at onset with wide variability even within the same family. Some studies have shown evidence of non-penetrance which may be age related . Clinically, patients tend to present with either bvFTLD or PNFA although CBS has also been described (Benussi et al., 2006 , Masellis et al., 2006 Spina et al., 2007) . However, detailed clinical, neuropsychological and radiological studies of GRN mutations are lacking. Here we describe the clinical, neuropsychological and MRI features and genetic modification in a UK series of GRN mutations from a large cohort of FTLD investigated at a specialist referral centre.
Material and Methods
The cohort of patients assessed in this study consisted of 212 patients with a clinical diagnosis of FTLD, CBS or PSP according to consensus criteria (Litvan et al., 1996; Neary et al., 1998; Boeve et al., 2003) and 35 patients with familial MND. The FTLD cohort had either been seen as patients at the National Hospital for Neurology and Neurosurgery, London, UK or were members of a longitudinal study in FTLD at the Dementia Research Centre, Institute of Neurology, London, UK. This study was approved by the local ethics committee. The clinical diagnoses in these patients were as follows: 120 bvFTLD (including two with FTD-MND), 23 SD, 36 PNFA (including five with a progressive mixed aphasia with features of both PNFA and SD), 23 CBS (including eight with a PNFA/CBS overlap) and 10 PSP.
Clinical assessment
All of the FTLD patients had been assessed by an experienced cognitive neurologist (M.N.R., N.C.F. or J.D.W.). Assessment included a standard clinical interview with both the patient and separately with an informant (usually a relative of the patient) as well as a formal neurological examination including assessment of limb and orofacial apraxia. Behavioural symptoms were ascertained by discussion with the patient's informant and also by observation of the patient during the clinical interview.
Neuropsychological assessment
Neuropsychological assessment consisted of a battery of cognitive tests. Verbal and visual episodic memory were tested using the Recognition Memory Tests for Words and Faces, respectively (Warrington, 1984; Warrington, 1996) . Executive function was assessed using a Modified Card Sorting test or the Weigl test (Weigl, 1948; Nelson, 1976) . Either the National Adult Reading Test or the Schonell reading test was used to test reading skills (Nelson and McKenna, 1975; Nelson, 1982) . Naming was assessed with the Graded Naming Test or the Oldfield naming test (Oldfield and Wingfield, 1965; McKenna and Warrington, 1980) whilst single-word comprehension was tested using the Warrington Synonyms Test (Warrington et al., 1998) . Other cognitive domains assessed were spelling (Graded Difficulty Spelling Test, Baxter and Warrington, 1994) , calculation (Graded Difficulty Arithmetic Test, Jackson and Warrington, 1986 ) and visuospatial and visuoperceptual skills [subtests of the Visual Object and Spatial Perception (VOSP) battery: Warrington and James, 1991, or the Block Design subtest of the WAIS-R, Wechsler, 1981] . Patients were said to have a deficit in a particular cognitive domain if they scored below the 5th percentile on the test and their score was thought to represent a true deficit in that domain rather than being secondary to other factors such as concentration or attention.
Analysis of family history
All patients in the FTLD cohort were given a 'Goldman score' between 1 and 4 as per Goldman et al. (2005) where 1 is an autosomal dominant family history of FTLD, MND, CBS or PSP, 2 is familial aggregation of three of more family members with dementia, 3 is one other first degree relative with dementia (modified to give a score of 3 only if there is a history of youngonset dementia within the family i.e. 565, and 3.5 if onset above 65) and 4 is no or unknown family history. Thirty-eight cases were known to be members of families with MAPT mutations (nine families in total) whilst of the MAPT-negative cases there were 61 cases with a Goldman score of 1, 2 or 3 (from 36 separate families); 20 cases with a score of 3.5 and 93 cases with a score of 4.
MR analysis
Eight patients with definite GRN mutations had volumetric MRI scans. These scans underwent blind visual assessment by an experienced neuroradiologist. The volumetric images were also compared to a group of nine patients with MAPT mutations and a group of eight patients with GRN-negative ubiquitin-positive pathology who had a clinical diagnosis of SD. Image analysis was performed using the MIDAS software package (Freeborough et al., 1997) . Scans were outlined using a rapid semi-automated technique, which involves interactive selection of thresholds, followed by a series of erosions and dilations. This yields a brain region which is separated from surrounding cerebrospinal fluid (CSF), skull and dura. Scans and their associated brain regions were then transformed into standard space by registration to the Montreal Neurological Institute (MNI) Template (Mazziotta et al., 1995) . A brain region was defined on the MNI template and was subsequently divided into left and right hemispheres and anterior and posterior hemisections. An intersection of each individual's brain region and the regions defined on the MNI template were generated to provide a measure of brain volume in the following regions: left hemisphere, right hemisphere, left anterior, left posterior, right anterior and right posterior.
DNA sequencing
All 13 exons of GRN were assessed by direct sequencing from genomic DNA. Polymerase chain reaction (PCR) amplicons were generated using primers at 500 mM in MegaMix Blue PCR cocktail (Microzone). Details of primers and PCR conditions are available on request. Amplicons cleaned with Microclean (Microzone) were sequenced using Applied Biosytems BigDye v1.1 cycle sequence chemistry with 1 ml BigDye, 5 ml BetterBuffer (Microzone), 0.75 ml sequencing primer at 5 pmol/ml, 2.5 ng of cleaned amplicon and ddH2O to a final volume of 15 ml. Following 25 thermal cycles, sequencing products were precipitated and cleaned used standard EtOH/EDTA methodology and electrophoresed on an ABI 3130xl automated sequencer. Data was analysed using ABI Seqscape software v2.5.
Microsatellite haplotyping
PCR amplicons were generated using fluorescently end-labelled primers at 500 mM for microsatellite markers D17S951(FAM), D17S950(HEX), MAPT-1(FAM) and D17S791(FAM) in MegaMix Blue PCR cocktail (Microzone). A loading mix of 1 ml amplicon diluted 1:50 in ddH2O, 9.25 ml HiDi formamide (ABI) and 0.25 ml 500LIZ size standard (ABI) was prepared and DNA products were electrophoresed on an ABI 3130xl automated sequencer. Data was analysed using ABI GeneMapper software v4.0.
APOE genotyping
APOE genotyping was performed by Cfo1 restriction endonuclease digestion of PCR amplicon and size differentiation by agarose gel electrophoresis.
Copy number analysis
Quantification of GRN copy number was performed using the 5' nuclease assay in conjunction with fluorescent MGB probes (ABI). Probes were designed to detect GRN and APP genes by hybridization to exon 1 and exon 5, respectively. An ABI Prism 7000 Sequence Detection System was used for relative quantification of GRN against APP using the ÁÁC t method. Normal healthy control and Down's syndrome control DNA were assessed to establish ÁC t values representative of GRN:APP ratios of 1:1 and 0.67:1, respectively, thereby demonstrating required sensitivity to detect the predicted ratio of 0.5 : 1 in potential GRN gene deletions. Standard curves (data not shown) showed that both probes had equal efficiencies, satisfying criteria for the comparative C t method of quantification. Total reaction volume was 20 ml using 200 nmol probes and 900 nmol primers, Quantitect mastermix (Qiagen) and amplified using standard methods.
Neuropathology
Tissue blocks were selected from representative brain areas and 7 mm tissue sections were stained with haematoxylin and eosin and used for immunohistochemistry with antibodies to TDP-43 (Abnova, 1:800), p62 (BD Transduction Laboratories, 1 : 100) and ubiquitin (Dako, 1 : 200) . Immunohistochemical staining was performed using a standard avidin-biotin method.
Statistical analysis
Statistical analysis was performed with SPSS (SPSS Inc.) or Excel 2007 (Microsoft Corp.). Means are quoted AE 95% confidence intervals calculated from 1.96 Â SEM.
Results

Mutation detection
From the entire clinical series of 247 individuals (FTLD n = 212, MND n = 35), we sequenced 36 probands with a Goldman score of 1, 2 or 3, 20 patients with a Goldman score of 3.5, 93 patients with a Goldman score of 4 and 17 probands with familial MND. All exons and splice sites were sequenced in at least one direction in each individual. Five pathogenic mutations were detected, one caused premature termination (Q300X) and four were small insertions or deletions causing frameshift (Fig. 1) . These mutations were found in eight probands with a Goldman score of 1, 2 or 3 and one patient (7651_3) with a Goldman score of 4 whose father had died at 78 with no formal diagnosis but with 'memory and behavioural problems' for several years before death. Co-segregation was shown in a further five family members (from families DRC32, DRC240, DRC255- Table 1 ). The entire series of 212 patients contained 16 other members from the eight families with GRN mutations and clinical data were available for each of these patients as well as the one 'sporadic' case (7651_3) i.e. 25 in total (Fig. 2) . This group represents 12% of the total FTLD clinical series and 20% of the familial cases (Goldman score 1, 2, 3 or 3.5). Unaffected family members were not tested and no mutations were found in the MND cohort. Notably, we found no patients with the Arg493X mutation, which is said to be the most common GRN mutation with likely origins in a UK ancestor .
We also found two sequence variants of a possibly pathogenic nature. A199V was found in a patient with familial CBS (DRC429_2) of Bangladeshi origin (Goldman score 3) but samples were not available from other family members to test for segregation. A199V was not found in 90 samples from healthy control Gujaratis, which represented the most appropriate control population available. L469F was found in a proband (5440_3) with sporadic FTLD (Goldman score 4) whose mother died at 92 but whose father died at 56 of heart disease. Samples were not available from other family members to test for segregation but L469F was not found in over 100 samples from the healthy young UK population.
Non-pathogenic changes
We found six other sequence variants (Tables 2 and 3) . Although A324T was found in two patients and has not been described in healthy control individuals, one of our patients was also a carrier of the pathogenic Q300X mutation suggesting that the additional presence of A324T is of uncertain pathogenicity. R433W was found in two patients and has been described in healthy control individuals by other laboratories. Four common non-coding exonic and intronic variants are shown in Table 3 .
Copy number alteration
Our screening strategy for GRN deletion was to test the relative amplification of a GRN exon 1 qPCR against amplification of APP exon 5. An anonymous sample from a Down's syndrome patient was used as a control, for which the expected allelic ratios GRN:APP are 2:3 (healthy population ratio 1:1). In the case of GRN deletion, we would expect an allelic ratio GRN:APP of 1:2. None of the FTLD/MND cohort samples exceeded the allelic ratio of the Down's syndrome control (n = 171). We thus found no evidence of GRN deletion in our UK series.
c.90_91insCTGC mutation
The DRC255 mutation (4 bp, exon 2, c.90_91insCTGC) was found in four independently ascertained British families accounting for 20 out of 25 (80%) of our GRN mutation clinical cohort. The same mutation has been previously described in a Canadian family of English descent known as UBC17 Mackenzie et al., 2006) . Haplotype analysis with four microsatellite markers at the GRN locus supports a shared common ancestor of UBC17 and the British families (Table 4) . One of the four families shared mutation-linked alleles at two microsatellites adjacent to GRN, suggesting recombination at both 5 0 and 3 0 ends of the disease haplotype, 0.6 and 2.5 MB from GRN.
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Although consistent with a common ancestor of all families, as the shared alleles are rare in the healthy population, a small mutation-linked haplotype supports a more distant ancestral relationship between family DRC39 and others with the same mutation.
Age at onset and disease duration of GRN mutation compared with MAPTand FTLD-U Age at onset or death were available for 25 GRN mutation carriers and compared with 26 MAPT mutation carriers and 15 cases with FTLD-U pathology at autopsy (four familial and 11 sporadic) but no GRN mutation (Figs 3 and 4). Mean age at onset for GRN was 57 AE 2.5 years, 8 years later than for MAPT at 49 AE 2.4 years (t-test, two-tailed, P = 8.3 Â 10
À5
). However, age at onset was similar between GRN and FTLD-U with no GRN mutation (GRN-negative age at onset 56 AE 3.4 years, t-test, two-tailed, P = 0.73). GRN carriers had a much shorter clinical duration than other subtypes of FTLD. Mean clinical duration for GRN was 5 AE 1.0 years compared with MAPT 12 AE 2.0 years (t-test, two-tailed, P = 7.8 Â 10
À6
) and FTLD-U with no GRN mutation 9 AE 1.7 years (t-test, two-tailed, P = 0.002). Across these three aetiological subgroups, a later age at onset was associated with a shorter clinical duration (Pearson r = À0.35, P = 0.006). We fitted a linear regression model to question the proportion of the variation in clinical duration accounted for by aetiological subgroup and/or age at onset. The model with minimal residual that best accounted for clinical duration incorporated aetiological subgroup and age at onset (P = 6.5 Â 10 À6 ), this model accounted for 34% of the variance of clinical duration.
Modification of phenotype by APOE genotype or wild-type GRN alleles APOE genotyping was performed on definite and possibly pathogenic GRN mutation carriers (n = 16, Table 1 ) to test a hypothesis generated by Gass and colleagues . In their international series the presence of at least one E4 allele was associated with a 6-year delayed age at onset compared with the E3E3 genotype. In our patient collection, age at onset was similarly delayed by 6 years: age at onset with at least one E4 allele was 62 AE 2 years as opposed to 56 AE 4 years without an E4 allele (t-test, two-tailed, heteroscedastic, P = 0.005).
Clinical features
Detailed clinical assessments were available on 17 patients with definite mutations (Table 5 ). The most common presentation was of the behavioural variant of FTLD (12/17). The other definite mutation cases presented with speech production impairment, all with features of a PNFA (5/17). Amongst those presenting with behavioural symptoms, the most common initial feature was apathy. Other common behavioural features included abnormal eating behaviour (generally a sweet tooth) and inappropriate social behaviour with lack of insight. Some patients developed disinhibition later in the illness but this was rarely a presenting feature. Less common symptoms included loss of empathy, aggression, obsessive behaviour (including hoarding), impulsivity and hypersomnolence. One patient had tactile hallucinations of insects crawling over his skin with Fig. 2 Genealogies of pathogenic and possibly pathogenic mutation carriers. Individuals are identified by the family number (above genealogy)_individual number (adjacent to symbol). Filled symbols refer to definitely affected individuals. Half-filled symbols refer to possibly affected individuals who we were unable to clinically confirm. '?' refers to individuals who died aged 570 and may have transmitted the mutation without presentation with FTD. delusions that there were animals present in his bed to the extent that he refused to sleep in his bedroom. In this group of 12 patients, nine had decreased quantity of speech without evidence of speech errors, agrammatism or articulatory impairment. Six of these patients had become mute when last seen. This language impairment would be consistent with dynamic aphasia rather than either the PNFA or SD subtype of FTLD. Of the five patients with speech production impairment, each had features of PNFA i.e. hesitant or stuttering speech, anomia, phonemic paraphasias and poor polysyllabic word repetition. Two of these patients also had CBS with severe limb apraxia in both and in one of the cases asymmetrical parkinsonian and Table 4 Microsatellite haplotype data for mutations occurring in independently ascertained families pyramidal signs with myoclonus. In total, 8 of the 17 patients had limb apraxia. One patient had features of both PNFA and SD being profoundly anomic with both phonemic and semantic errors in speech. None of the patients seen by us had evidence of MND although Patient 169_3 (the brother of 169_2) was said to have died of MND in his mid-50s. Forty-one per cent (7/17) of the patients had features of parkinsonism, which is a slightly lower frequency than found in other case series and may represent the fact that many of the patients are still living and may later develop parkinsonism (Josephs et al., 2007; Rademakers et al., 2007; Kelley et al., 2007) . Clinical information was also available for the two cases with possible pathogenic mutations: one had a diagnosis of PNFA and the other had CBS with features of behavioural change as well including apathy, decreased speech, hyperreligiosity and also visual hallucinations.
DRC255_8 Apathy Decreased speech Aggression
The clinical categories of FTLD were very differently represented between GRN mutation carriers, MAPT mutation carriers and FTLD-U without GRN mutation. GRN mutation carriers were mixed with five patients diagnosed with a pure PNFA syndrome or overlap with either CBS or SD. These categories were not found in MAPT or FTLD-U without GRN mutation. Similarly, SD was over-represented in FTLD-U without GRN mutation (with all cases being sporadic), and bvFTLD was over-represented in MAPT mutation carriers (although bvFTLD is seen in all genetic and pathological subgroups). Overall, the differences were highly significant by chi-squared test (GRN versus FTLD-U without GRN mutation, 4 df, P = 0.001, GRN versus MAPT, 2 df, P = 0.006).
Neuropsychological features
Thirteen patients with definite mutations and two with possible pathogenic mutations underwent neuropsychological testing (Table 6 ). Of the definite mutation cases, the most common features were of executive dysfunction (8/10 tested), dyscalculia (9/12) and episodic memory impairment (9/13). Executive dysfunction is commonly seen in patients with FTLD but impairment of episodic memory is less frequently described, particularly early in the disease. Parietal lobe features are also less commonly found in patients with FTLD but in our GRN cohort all of the 13 definite mutation cases had evidence of parietal lobe dysfunction with at least one of the following: dyscalculia, limb apraxia, dysgraphia, visuospatial or visuoperceptual impairments.
We have described the presence of parietal lobe deficits in the DRC255 GRN mutation family previously (Rohrer et al., in press ). Clinical and neuropsychological examination of this larger group of GRN mutation patients confirms that the parietal lobe does seem to be involved in GRN-associated FTLD early in the disease (average years from onset of symptoms to time of testing was 2.5 with a range of 1-5). To investigate this further we compared the presence of parietal lobe deficits in this group with the rest of the cohort. Neuropsychological data was available for 121 GRN-negative patients from the cohort. We assessed for the presence of dyscalculia, limb apraxia, spelling problems and visuospatial or visuoperceptual impairments. Whilst in the GRN group 100% of the patients with definite mutations had at least one deficit attributable to parietal lobe dysfunction, in the MAPT group only 10% had deficits (1/10), whilst in the GRN-negative FTLD-U group there were 25% (4/16) (chi-squared test GRN versus MAPT, 1 d.f., P = 6.8 Â 10
À6
; GRN versus FTLD-U, 1 d.f., P = 7.0 Â 10
). Looking at the 121 GRN-negative patients by clinical diagnosis the percentage of cases with parietal lobe deficits was 100% in CBS (15/15) with all having limb apraxia (of note this group contained patients with Goldman scores 3, 3.5 and 4 only), 32% in the bvFTLD group (18/56), 36% in SD (8/22) and 43% in PNFA (12/28). This emphasizes that there is greater parietal lobe involvement in GRN-associated FTLD than in other FTLD groups with the exception of CBS, a disorder known to involve frontal and parietal lobes.
MRI findings
Eight patients with definite GRN mutations had MR scans (Table 7) . The most striking feature of the scans was the asymmetrical nature of the atrophy with either side being affected even within the same family: five had left greater than right atrophy and three had left greater than right. The other common feature between patients was the involvement of the parietal lobe consistent with the clinical and neuropsychological features of parietal lobe dysfunction described above. Figure 5 shows representative images from two of the patients. Two patients with possible pathogenic mutations also had MR scans, each showing asymmetrical fronto-temporo-parietal atrophy also, one with right greater than left and the other with the opposite pattern.
The degree of hemispheric asymmetry was assessed by comparing the difference between the two hemisphere volumes in the GRN group with three other groups (MAPT mutation cases, GRN-negative, ubiquitin-positive cases with SD and a cognitively-normal control group). The absolute hemispheric difference was significantly greater for the GRN patients than any of the other groups (P50.01). This difference was also greater for the ubiquitin-positive SD group compared to MAPT (P = 0.01). In fact, in the MAPT patients there was no significant left-right asymmetry (P = 0.25). All SD patients had a smaller left than right hemisphere compared to the GRN group where the predominantly atrophied hemisphere was variable. Anterior and posterior quadrant volumes were also assessed in the two hemispheres. In the SD group, the anterior/posterior (A/P) ratio was significantly different from controls on the left-hand side (P = 0.009) but not the right (P = 0.50). In the MAPT group, the A/P ratio was also significantly different from the controls on both the left (P = 0.006) and the right Progranulin phenotype Brain (2008), 131, 706^720 715
(P = 0.03) side. In the GRN group, the A/P ratio was not significantly different to controls on either side (left, P = 0.06; right, P = 0.67). In summary, volumetric analysis confirms the striking asymmetry of GRN cases even when compared to the canonically asymmetrical disease of SD. The analysis also shows that unlike the antero-posterior gradient seen in both SD and MAPT-associated FTLD there is no significant antero-posterior gradient in the GRN group consistent with atrophy extending more posteriorly into the parietal lobe in this group.
Other investigation findings
Eight patients with definite mutations and two with possible pathogenic mutations underwent EEG testing between 1 and 5 years from symptom onset. Alpha rhythm was present in all but one of the patients: DRC429_2 (one of the possible pathogenic mutations) had absent alpha rhythm at 5 years from symptom onset. DRC255_6 however had only traces of alpha rhythm present at 2 years from symptom onset. Other findings were non-specific with seven of the patients showing occasional theta activity.
Five patients underwent CSF analysis each showing normal constituents with matched oligoclonal bands in one patient and no bands in the other four. Two patients (DRC431_3 and DRC255_6) had samples sent for further analysis: tau levels were normal in DRC431_3 (207) but raised in DRC255_6 (943). Both had negative 14-3-3 protein.
Pathological findings
Eight patients have come to post-mortem from four different families (DRC 39_2, DRC39_3, DRC240_4, DRC240_5, DRC255_6, DRC255_7, DRC255_8 and DRC425_2) with all showing similar features. In cases where macroscopic data was available, there was involvement of the frontal, temporal and parietal lobes with sparing of the occipital lobes. There was a variable degree of spongiosis of the neuropil, neuronal loss and gliosis in the frontal and temporal cortices. In the most severely affected areas, there was also white matter pallor and gliosis. TDP-43 immunohistochemistry demonstrated numerous neuropil threads, NCI and scattered NII in affected cortical areas. In cases in which the dentate fascia was available for assessment, TDP-43 positive NCI were found in variable numbers of granule cells. The overall TDP-43 pattern corresponded to type 3 ubiquitin-positive, TDP-43-positive pathology (as per the revised consensus pathological criteria described in Cairns et al., 2007) . 
For the individual lobes atrophy is rated as À = not present; + = mild; ++ = moderate; +++ = severe, and refers to the most affected side; NK = not known, A-P = antero-posterior, R = right, L = left. 
Discussion
We describe the clinical, neuropsychological and radiological phenotype of a GRN mutation cohort representing 12% of a large UK FTLD cohort and 20% of those FTLD subjects with a family history. 80% of these patients in four separate families had the DRC255 mutation (c.90_91 insCTGC insertion) but further analysis suggests these families have a common ancestor shared with the UBC17 family previously described Mackenzie et al., 2006) . Similar to the experience of other neurodegenerative diseases (Mead, 2006) , it seems likely that GRN mutation frequency will vary with geography and ethnicity due to a balance of genetic drift, loss and new mutation. We found four novel pathogenic null-mutations: three frameshift indel mutations and one premature stop codon mutation. Two further missense changes were detected in patients and not in controls although families were too small to demonstrate segregation. The alanine to valine change at codon 199 is located between conserved granulin motifs. The leucine to phenylalanine change at codon 469 is located in granulin D but this residue is not conserved between motifs, indeed, the phenylalanine is found at the homologous residue in granulin motifs A and G. The location and nature of these missense changes do not support pathogenicity, but no effect on protein structure is predictable with certainty. Nonetheless, it is interesting that the phenotype of these possible mutations was similar to that seen in the definite pathogenic mutations. We did not identify splice mutations commonly found in other screening studies, or large-scale deletion of GRN involving exon 1. GRN patients presented with bvFTLD, PNFA or CBS. No patient with a classic SD syndrome or PSP was found to have mutations. Considering the clinical presentation in more detail, GRN patients who present with behavioural symptoms commonly have apathy as the initial presenting feature although most of the common behavioural symptoms of bvFTLD are also seen during the disease. Previous case series have described language output impairment as a feature of GRN mutations (Cruts et al., 2006; Gass et al., 2006; Mesulam et al., 2007) . In our study, different language phenotypes were seen within the cohort: many patients presenting with bvFTLD had decreased spontaneous speech in the absence of speech errors, consistent with dynamic aphasia, often becoming mute as the disease progressed (Snowden et al., 2006) . Other patients presented with PNFA, a primary language syndrome known to be heterogeneous in its clinical presentation (Rohrer et al., 2007) : some patients had hesitant, effortful speech consistent with apraxia of speech whilst others had agrammatism and phonemic errors without articulatory impairment. Some of these cases also had evidence of semantic errors and early single-word comprehension impairment, consistent with a progressive mixed aphasia (Grossman and Ash, 2004) .
Seventy per cent of those undergoing neuropsychometry showed deficits on tests of episodic memory. Although patients can fail psychometric tests of memory for a number of reasons, many of these patients also complained of amnestic symptoms (Table 5) suggesting true episodic memory impairment. This feature has been found in other series of GRN patients with some patients even receiving an initial diagnosis of Alzheimer's disease (Kelley et al., 2007 . This is an important aspect that should be borne in mind in the differential diagnosis of patients presenting with dementia.
A number of studies have now reported GRN mutations in association with CBS (Benussi et al., 2006; Masellis et al., 2006; Spina et al., 2007) . We describe two patients with pathogenic mutations who had a CBS although both also had features of PNFA. This is a well-described syndrome overlap (Graham et al., 2003) although the underlying pathology in many previously reported cases has been taupositive corticobasal degeneration (CBD) pathology (Knopman et al., 2005) . CBS is classically described as involving the frontal and parietal lobes both clinically and radiologically, differing from other FTLD syndromes with its more posterior cerebral involvement. In fact, despite heterogeneity by established clinical criteria, all of the patients in our series had evidence of early parietal lobe dysfunction. This has been noted by us and other groups previously (Le Ber et al., 2007; Rademakers et al., 2007; Spina et al., 2007; Rohrer et al., in press) and study of this large FTLD cohort confirms the involvement of the parietal lobes early in GRN-associated FTLD with much lesser involvement in other genetic and clinical subgroups (except in cases of CBS).
Consistent with previous reports, all of the patients who have come to post-mortem have shown TDP-43/ubiquitinpositive type 3 pathology with the presence of neuronal intranuclear inclusions. Four other patients in the FTLD series (from two families DRC306 and DRC321) were known to have the same pathological findings but were found to be GRN negative. One recent study suggested that only about 60% of type 3 pathology cases were GRNpositive with the other 40% being mainly autosomal dominant familial cases without a known genetic mutation (Josephs et al., 2007) . One member from each of our families had volumetric MR brain imaging and it is interesting to note that both scans showed asymmetrical left-sided predominant atrophy with parietal lobe involvement. This intriguing finding suggests that the GRN phenotype we have described may be a feature of type 3 TDP-43/ubiquitin-positive pathology rather than GRN mutations per se.
The radiological findings support our clinical and neuropsychological findings of parietal lobe involvement with all of the patients showing fronto-temporo-parietal atrophy. Other studies have also shown early parietal lobe atrophy in some patients (Kelley et al., 2007 , Spina et al., 2007 and a more detailed imaging study using voxel-based morphometry showed greater parietal lobe atrophy in a GRN mutation group compared to a ubiquitin-positive, GRN-negative group (Whitwell et al., 2007) . The further feature of GRN cases that distinguishes them from other FTLD cases is the striking asymmetrical atrophy (and something that will not necessarily be picked up with voxelbased morphometry if there is variable laterality within the group) (Kelley et al., 2007) . Volumetric analysis showed that the GRN cases as a group were even more asymmetrical than the canonically asymmetrical subtype of FTLD, SD (Chan et al., 2001) . The mechanism for this asymmetry is unclear but suggests focal rather than diffuse onset: involvement of fronto-parietal pathways that are preferentially affected on one side first before affecting the opposite side.
The duration of disease appears to be shorter for patients with GRN mutations (average 5 years) compared to other FTLD patients studied here, although a weakness of this study is the lack of FTD-MND cases, the particular subgroup of FTLD known to have short duration [a mean of $3 years ]. One study found that GRN patients have more generalized atrophy and smaller brains at post-mortem compared to a group of GRN-negative patients and therefore suggested that GRN results in a more rapid, 'malignant' form of FTLD (Josephs et al., 2007) . This finding of smaller brains at post-mortem could also result from the fact that with early involvement of the parietal lobe more of the brain is involved in GRN disease compared with other FTLD groups where atrophy is confined to a large extent to the frontal and temporal lobes. Longitudinal studies of the rate of atrophy in GRN cases are needed to help to answer the question of whether the short duration of disease is associated with a higher rate of atrophy compared to other FTLD subgroups.
Although there was a suggestion of MND in an unexamined GRN mutation relative, this was not a feature of the well-studied cases and no GRN mutations were found by screening a UK cohort of non-SOD1 familial MND. This is consistent with other studies suggesting that GRN is not a common cause of a MND phenotype Schymick et al., 2007) .
In concordance with other reports (et al., 2006) we found evidence that APOE-E4 genotype delays age of clinical onset by around 6 years. Our sample was small so this result is not statistically robust, and a large study of the Arg493X mutation did not find such an association . APOE is thought to have widespread effects on brain metabolism (Scarmeas et al., 2005) and neuroanatomy (Shaw et al., 2006) , and as our understanding of the pathogenesis of GRN mutation is at an early stage, it would be premature to speculate on a mechanism.
The distinct GRN phenotype of our series does not necessarily imply an effective management strategy for genetic testing. The most statistically sensitive but costly approach would be to sequence GRN in all patients with FTLD. Indeed, technical improvements in high-throughput sequencing may soon translate into diagnostic genetic testing at a much reduced cost. Although a positive family history, parietal lobe signs and asymmetrical MRI brain scan were found in the majority of GRN cases, these features were not necessarily found at presentation when a decision about genetic testing is usually made. Our series was not large or detailed enough to define the benefits of using these characteristics to filter cases.
In conclusion, patients with GRN mutations: have a shorter disease duration compared to other FTLD groups (with the exception of FTD-MND); present with bvFTLD (commonly apathy initially), language output impairment (either a PNFA or decreased speech output consistent with a dynamic aphasia) or with CBS; have parietal lobe dysfunction seen particularly on neuropsychological testing; and commonly have evidence of asymmetrical atrophy on MR imaging with the frontal, temporal and parietal lobes all affected.
